Activity-induced long-term modification of glutamatergic synapses depends on the frequency of synaptic activation. We found that long-term modification of developing rat hippocampal GABAergic synapses that was induced by repetitive coincident pre-and postsynaptic spiking was also frequency dependent. Spiking at 20-50 Hz resulted in synaptic potentiation, whereas spiking at 5 Hz led to synaptic depression. The potentiation was abolished by blocking GABA B receptors (GABA B Rs), whereas the depression was independent of GABA B R activation and could be converted to potentiation by elevating GABA B R activity. The potentiation could be attributed to a local postsynaptic increase in Na 1 /K 1 /2Cl -co-transporter activity near activated synapses. The activity of postsynaptic Ca 21 /calmodulin-dependent protein kinase II was necessary for long-term potentiation of these developing GABAergic synapses and its phosphorylation at Thr286 could be enhanced by activating GABA B Rs with baclofen. Together with our finding that activation of GABA B Rs is frequency dependent, these results indicate that postsynaptic GABA B R activation mediates frequency-dependent potentiation of developing GABAergic synapses.
Activity-induced synaptic modification provides a cellular basis for developmental refinement of neuronal connections 1 and for the information storage that is associated with learning and memory 2, 3 . At many central glutamatergic synapses, a brief period of highfrequency stimulation (HFS) induces long-term potentiation (LTP) 2, 4 , whereas low-frequency stimulation (LFS) causes long-term depression (LTD) 5 . The frequency of synaptic activation is critical for determining the polarity of long-term modification of excitatory synapses, a phenomenon that can largely be attributed to the extent of postsynaptic depolarization and the pattern of intracellular Ca 2+ elevation 5 . Repetitive synaptic stimulation also results in persistent modification of GABAergic synapses, but the dependence of GABAergic synaptic plasticity on the frequency of synaptic activation and the mechanisms underlying GABAergic LTP and LTD remain largely unclear 6, 7 .
In cerebellar slices, HFS led to LTP of GABAergic synapses on Purkinje cells 8 and on neurons of deep cerebellar nuclei 9 , whereas LFS caused LTD of latter synapses 10 . On the other hand, HFS resulted in LTD of GABAergic synapses in hippocampal [11] [12] [13] and visual cortical 14 slices. Notably, in the presence of NMDA receptor (NMDAR) antagonist, HFS led to LTP of GABAergic transmission in hippocampal slices 13, 15 . In these studies, modification of GABAergic synapses was induced by extracellular stimulation, which activated both excitatory and inhibitory synapses. The released glutamate and GABA may exert heterosynaptic regulatory actions on nearby GABAergic synapses. Indeed, glutamate activation of presynaptic NMDARs at GABAergic synapses is critical for the high-frequency spiking-induced LTD of these synapses in the developing Xenopus optic tectum 16 . For GABAergic inputs on the dendrite, GABA B R are largely located in extrasynaptic sites 17 and can be activated by GABA spillover during high-frequency GABAergic synaptic activity 18 . Such activation of extrasynaptic GABA B Rs provides a mechanism for regulating the rhythmic network activity of the hippocampus 18 . Here, we examined whether GABA B Rs contribute to the regulation of activity-induced synaptic plasticity of hippocampal GABAergic synapses. Our attention was focused on the developing rat hippocampal synapses during the first few postnatal weeks, a period in which GABAergic synapses may undergo extensive activity-dependent refinement 7 .
The timing and temporal order of pre-and postsynaptic spiking are critical for activity-induced modification of excitatory glutamatergic synapses, a phenomenon known as spike timing-dependent plasticity (STDP) 19 . However, spike timing becomes irrelevant at high spiking frequencies, and correlated pre-and postsynaptic spiking above 40 Hz always induces LTP of excitatory synapses in layer 5 of the visual cortex 20 . Recent studies suggest that GABAergic synapses on hippocampal neurons show a different form of STDP, requiring correlated spiking in a narrow time window regardless of the temporal order of pre-and postsynaptic spiking 21 . To understand how activity-dependent modification of GABAergic synapses depends on the spiking frequency, we examined synaptic modification induced by coincident pre-and postsynaptic spiking at different frequencies.
Using hippocampal slices from postnatal rats, when GABAergic transmission is excitatory, we found a bi-directional activity-induced modification of GABAergic synapses that was induced by repetitive coincident pre-and postsynaptic spiking at different frequencies, with LTD and LTP being induced by repetitive coincident pre-and postsynaptic spiking at low (5 Hz) and high (20 Hz) frequencies, respectively. Further pharmacological experiments using GABA B R agonist and antagonist showed that GABA B R activation was required for LTP induction by high-frequency activity and could convert the LTD induced by low-frequency activity to a slight LTP. We also found that such frequency-dependent LTP required postsynaptic Ca 2+ /CaMKII (Ca 2+ /calmodulin-dependent protein kinase II) signaling at activated developing synapses and could largely be attributed to a local elevation of the activity of the Na + /K + /2 Cl -cotransporter (NKCC1). Previous studies have determined the function of GABA B Rs in presynaptic inhibition of transmitter release 22, 23 and in postsynaptic regulation of neuronal excitability 22, 24 . Our results extend our knowledge of the function of GABA B Rs to the postsynaptic regulation of long-term plasticity of developing GABAergic synapses.
RESULTS

Coincident spiking enhances developing GABAergic synapses
We first examined whether repetitive coincident stimulation of the preand postsynaptic cell affects the efficacy of GABAergic synapses on CA1 pyramidal neurons in acute hippocampal slices from young rats (postnatal day 9-16, P9-16). Presynaptic GABAergic interneurons were stimulated with a bipolar electrode placed in stratum radiatum, and whole-cell recording with gramicidin (0.5 mg ml -1 ) perforation was made from CA1 pyramidal neurons. We isolated either the GABA A receptor-mediated postsynaptic potentials (GABA-PSPs) or currents (GABA-PSCs) by blocking ionotropic glutamate receptors (GluRs) with bath application of the general antagonist kynurenic acid (KYN, 2 mM). In these slices from P9-16 rats (90% from P13-15), GABAPSPs were mostly depolarizing (27 out of 36 cells, recorded with gramicidin perforation) near the resting potential, consistent with the excitatory action of GABA before its complete transition from excitation to inhibition 7, 25 . Unless otherwise noted, all of the following experiments were performed by using neurons showing depolarizing GABA responses.
Coincident spiking was evoked repetitively by presynaptic stimulation in synchrony (within 1 ms) with postsynaptic injection of depolarizing current pulses at 20 Hz for 5 s (Fig. 1a) . Such coincident stimulation resulted in a long-lasting increase in the mean amplitude of GABA-PSPs to 139 ± 14% of the baseline level recorded before the stimulation (Fig. 1b,c) . Because of the difficulty in obtaining stable long-term recording with gramicidin perforation, we also used amphotericin B perforation in these experiments. Unlike gramicidin, amphotericin B is Cl -permeable and may thus perturb the intracellular Cl -concentration. Indeed, we found that recording with amphotericin B perforation (300 mg ml -1 ) resulted in a slight positive shift (4.2 mV) of the reversal potential of GABA-PSCs (E GABA ) in comparison to the E GABA found with gramicidin perforation ( Supplementary Fig. 1 online) . Nevertheless, recording with amphotericin B showed that coincident spiking at 20 Hz also caused a persistent increase in the amplitude of GABA-PSPs (136 ± 6% of the baseline; Fig. 1c ), similar to that found with gramicidin perforation. The fact that the intracellular concentration of Cl -([Cl -] i ) at the synapse was only slightly perturbed by the amphotericin-perforated whole-cell recording at the soma is consistent with the previous discovery of a steady-state [Cl -] i gradient from the soma to the dendrite of hippocampal pyramidal neurons 21, 26 . Thus, we used amphotericin B perforation in the following experiments.
The persistent potentiation of these developing GABAergic synapses required coincident activation of pre-and postsynaptic neurons, as we found that pre-and postsynaptic spiking (of 20 Hz) was effective in LTP induction only when the spiking was correlated in a narrow time window of -5 to 4 ms ( Supplementary Fig. 2 online) . Moreover, stimulation of either pre-or postsynaptic neuron alone (at 20 Hz for 5 s) had no effect on the synaptic efficacy (Fig. 1c,d ). This LTP could be induced in the presence of broad-spectrum antagonists of metabotropic glutamate receptors (mGluRs; Fig. 1d ), LY341495 (100 mM, 123 ± 5%, n ¼ 11) or [±]-a-methyl- [4-carboxyphenyl] glycine (MCPG, 250 mM, 135 ± 14%, n ¼ 4). Thus, the activity-induced modification of GABAergic synapses that we observed was independent of glutamatergic transmission.
LTP requires activation of both GABA A Rs and GABA B Rs To determine whether the observed LTP induced by coincident spiking activity at developing GABAergic synapses requires the activation of GABA A Rs, we blocked GABA A R activation during the period of coincident spiking (at 20 Hz for 5 s) with bicuculline methiodide (BMI, 10 mM) and found that the potentiation was absent (Fig. 2a) . We found a slight reduction in the GABA-PSP amplitude after coincident spiking, which we attributed to incomplete washout of BMI, as indicated by our observation of a similar reduction in the absence of coincident stimulation in control experiments (Fig. 2b) . Further studies showed that synaptic potentiation was also absent following coincident stimulation at 20 Hz (for 5 s) when the GABA B R antagonist CGP35348 (60 mM) was applied to the bath (Fig. 2c,d ). Thus, activation of both GABA A Rs and GABA B Rs is required for LTP induction at these developing GABAergic synapses.
To further investigate the role of GABA B Rs in LTP induction, we examined stimulus-evoked GABA B R-activated postsynaptic currents (I GABAb ). Previous studies in the CA3 region of the hippocampus 18 indicate that GABA B R activation requires HFS of presynaptic GABAergic neurons, a condition that results in more extensive GABA spillover to extrasynaptic sites, where many GABA B Rs are located 22, 27 . We thus examined whether GABA B R activation in the present system depends on the frequency of presynaptic stimulation. We recorded I GABAb in CA1 pyramidal cells (V c ¼ -50 mV) in the presence of KYN and BMI in response to presynaptic stimulation at different frequencies (5 to 100 Hz), but with the same total number of pulses. The identity of I GABAb was confirmed by complete blockade with CGP35348 (60 mM). Consistent with previous results in slice cultures 18 , stimulation at higher frequencies elicited I GABAb with a larger peak amplitude and total charge in CA1 pyramidal neurons in acute slices (Fig. 3a,b) . Furthermore, I GABAb was also blocked by the inhibitor of GABA B Rcoupled inward-rectifying K + (GIRK) channel SCH23390 (50 mM), and blocking the GABA transporter 1 (GAT-1) with SKF89976A (50 mM) resulted in a substantially larger I GABAb than that of the control for (Fig. 3c,d ). Thus, stimulation of these developing CA1 GABAergic synapses at higher frequencies results in the accumulation of extracellular GABA, which leads to postsynaptic GABA B R activation and the associated activation of GIRK channels.
In the CA3 region of the hippocampus, it has been estimated that a minimum of 2-20 interneurons are required for eliciting detectable I GABAb in the pyramidal cell following single-pulse extracellular stimulation 18 . In contrast, we found that single extracellular stimulation in the CA1 stratum radiatium could not elicit detectable I GABAb over a wide range of intensity that was effective at evoking GABA-PSCs (with peak synaptic conductance of 1-8 nS, data not shown). Instead, I GABAb could only be evoked by applying six repetitive pulses at 20-40 Hz (with single pulse eliciting a peak synaptic conductance 43 nS), and the amplitude of I GABAb increased linearly with increasing total activated GABA A R conductance ( Supplementary Fig. 3 online) . Considering the size of the unitary GABA-PSC (0.5 to 5.4 nS) 28 , cooperativity among multiple interneuronal inputs is probably involved in the activation of GABA B Rs.
Taken together, these results suggest that GABA B Rs are activated by spillover GABA from multiple interneuronal inputs, and such spillover becomes substantial when the frequency of GABAergic synaptic activation is 410 Hz.
Frequency-dependent modifications of GABAergic synapses
The requirement for GABA B R activation in LTP induction and the frequency-dependent activation of postsynaptic GABA B Rs prompted us to further examine whether the modification of CA1 hippocampal GABAergic synapses by repetitive coincident activity depends on the spiking frequency. The total number of coincident stimulation pulses was kept constant at 100 under different frequencies. We found that LTP was induced by coincident pre-and postsynaptic stimulation repetitively at 20, 40 or 50 Hz, whereas stimulation at 5 Hz (for 20 s) resulted in a marked reduction of synaptic efficacy (to 68 ± 6% of the baseline, n ¼ 14) and stimulation at 1 Hz (for 100 s) had no effect (103 ± 9%, n ¼ 6; Fig. 4a,b) . This frequency-dependent bi-directional modification of GABAergic synapses is reminiscent of the frequency dependence in the Bienenstock, Cooper and Munro theory for activity-dependent modification of glutamatergic synapses 29 .
The role of GABA B Rs in activity-dependent plasticity of these developing GABAergic synapses was further investigated by pharmacological activation or inhibition of GABA B Rs. We found that, in the presence of CGP35348, coincident spiking at 5 Hz for 20 s still induced LTD, whereas coincident spiking at 20 Hz for 5 s failed to induce LTP (Fig. 4c,d ). This suggests that GABA B R activation is required for LTP induction at 20 Hz, but not for LTD induction at 5 Hz. Furthermore, when the activation of GABA B Rs was enhanced with SKF89976A, which elevates the extracellular level (and the spillover) of GABA (Fig. 3c,d ), we found that 5-Hz stimulation failed to induce LTD (Fig. 4e) , whereas 10-Hz stimulation became effective at inducing LTP (Fig. 4e) . On the other hand, the magnitude of LTP induced by 20-Hz stimulation was not significantly changed (P ¼ 0.35, unpaired t test). Thus, the threshold of spiking frequency for inducing LTP was shifted leftward (Fig. 4f) , and increased activation of GABA B Rs appeared to facilitate LTP induction at these developing GABAergic synapses.
Postsynaptic expression of GABAergic LTP and LTD
To determine whether the locus of LTP and LTD expression resides in the pre-or postsynaptic site, we measured the paired-pulse ratios (PPRs) of GABA-PSCs, which were evoked by two consecutive presynaptic stimuli at an interval of 50 ms. We found that the PPRs remained unchanged after repetitive coincident stimulation at 20 Hz for 5 s (Fig. 5a,b) and at all other frequencies examined (Fig. 5c) , suggesting that presynaptic transmitter release probability was not affected by the coincident stimulation. Modification of GABAergic synapses may also be attributed to changes in either the postsynaptic GABA A R conductance or E GABA , or both. Measurements of the I-V relationship of GABA-PSCs before and after repetitive coincident stimulation (see Supplementary Methods online) showed significant bi-directional changes in E GABA (P ¼ 0.007 for 20 Hz, P ¼ 0.027 for 5 Hz, paired t test), but not in the synaptic conductance (the slope of I-V curve, P ¼ 0.21 for 20 Hz, P ¼ 0.67 for 5 Hz). Potentiation induced by 20-Hz stimulation was accompanied by an E GABA shift of 6.2 ± 1.4 mV (s.e.m., n ¼ 6) toward more positive potentials, whereas depression induced by 5-Hz stimulation (for 20 s) was accompanied by a shift of 6.5 ± 1.9 mV (n ¼ 5) toward more negative potentials (Fig. 5d-f) . Similar activity-induced E GABA shifts were previously observed in hippocampal cell cultures 21, 30 . We also found that bath application of CGP35348 (60 mM) abolished the positive shift of E GABA that was induced by the 20-Hz stimulation, but had no effect on the negative shift induced by the 5-Hz stimulation ( Fig. 5f and Supplementary Fig. 4 online) . Furthermore, we examined GABA-PSCs associated with asynchronous release following evoked GABAergic responses in the presence of 2.5 mM Sr 2+ (ref. 31) before and after coincident stimulation (at 20 Hz for 5 s, applied in the absence of Sr 2+ ). We found a significant increase in the amplitude of asynchronous GABA-PSCs located in a 400-ms time window 50 ms after presynaptic stimuli (Fig. 5g-i) , as indicated by both the distribution (P ¼ 0.039, n ¼ 6, Kolmogorov-Smirnov test) and the mean value (P ¼ 0.038, paired t test). Both changes in E GABA and asynchronous GABA-PSC amplitude are consistent with postsynaptic expression of LTP and LTD at these developing GABAergic synapses.
We further examined the question of whether postsynaptic change in E GABA is restricted to the synapses activated by the coincident spiking activity by placing two extracellular stimulation electrodes in stratum radiatum to activate two separated GABAergic inputs to a single CA1 pyramidal cell. In all six experiments, we found that application of coincident pre-and postsynaptic stimulation repetitively (at 20 Hz for 5 s) to one input induced LTP at the stimulated input, but not at the unstimulated input (Fig. 5j,k) . Moreover, in four out of six cells, we also examined the I-V relationship of GABA-PSCs before and after LTP induction and found that LTP induction led to a depolarizing shift of E GABA (5.3 ± 1.2 mV, averaged over four cells) at the stimulated inputs, but no change of E GABA (0.44 ± 1.1 mV) at the unstimulated ones (Fig. 5l) . Meanwhile, the total synaptic conductance did not show consistent change at both inputs (Fig. 5l) . These results support the notion of input specificity in activity-induced modification of these developing GABAergic synapses and suggest that localized regulation of E GABA at activated synapses underlies the spatially restricted postsynaptic modification.
Role of NKCC1
The E GABA in these hippocampal neurons is mainly regulated by cation/ Cl -co-transporters, with the K + -Cl -co-transporter KCC2 and NKCC1 acting in opposite directions to lower and raise [Cl -] i , respectively 32 , leading to the observed shift in E GABA in the negative and positive directions. We thus further examined the role of Cl -co-transporters in the shift in E GABA that accompanies LTP induction. We found that repetitive coincident stimulation (at 20 Hz for 5 s) failed to induce either LTP or an E GABA shift at these developing GABAergic synapses when the Cl -co-transporter inhibitor furosemide was added to the bath (Fig. 6a,b) , consistent with a previous finding in cultured hippocampal neurons 21 . As furosemide is a broadspectrum inhibitor for Cl -co-transporters, including both NKCC1 and KCC2, we next examined the effect of the more specific NKCC1 inhibitor bumetanide (100 mM) and found that both LTP induction and E GABA shift were completely abolished by bumetanide (Fig. 6a,b) , indicating that activity-induced modulation of NKCC1 underlies the E GABA shift associated with LTP induction at these developing GABAergic synapses. The above results also raised the possibility that coincident spiking-induced LTP may be restricted to only early developing animal because the activity of NKCC1 is dominant over that of KCC2, leading to depolarizing GABA responses at these developing synapses 6, 7 . To test this possibility, we examined the effect of bumetanide on the basal GABAergic transmission in the young and adult rats. Bath application of bumetanide resulted in (in minutes) a decrease in the depolarizing GABA responses (inward GABA-PSCs) in slices from young rats (P10-14), but had no effect on the hyperpolarizing responses (outward GABA-PSCs) in slices from rats of older ages (P29-30), at a time when NKCC1 expression is downregulated and the transition of GABA action from excitation to inhibition is completed 6, 7, 32 (Fig. 6c) . Bumetanide treatment also caused a negative shift in E GABA (-7.8 ± 1.2 mV, n ¼ 4, P ¼ 0.009) in hippocampal slices from young rats, but not in slices from older rats (-0.02 ± 0.6 mV, n ¼ 3, P ¼ 0.97; Fig. 6d) . Furthermore, we found that repetitive coincident pre-and postsynaptic spiking (at 20 Hz for 5 s), which was capable of inducing GABAergic LTP in hippocampal slices from young rats, had no effect on the efficacy of mature GABAergic synapses in slices from P30-35 rats (Fig. 6e,f) . Together, these results show that modification of NKCC1 activity underlies coincident activity-induced LTP of developing GABAergic synapses in the hippocampus and that such plasticity is absent in the adult hippocampus as a result of the low level of NKCC1.
Role of postsynaptic Ca 2+ /CaMKII signaling Previous studies have shown that postsynaptic Ca 2+ elevation may underlie activity-induced modification of hippocampal GABAergic synapses 6 . We found that repetitive coincident spiking (at 20 Hz for 5 s) failed to induce synaptic potentiation when the postsynaptic Ca 2+ was buffered at a low level with selective loading of the fast Ca 2+ chelator 1,2-bis-(o-aminophenoxy)-ethane-N,N,N¢N¢-tetraacetic acid (BAPTA; Fig. 7a ) or the slow chelator ethylene glycol tetraacetic acid (EGTA) into the postsynaptic cell. BAPTA-tetraacetoxymethyl ester (BAPTA-AM, 0.15 mM) or EGTA-AM (0.5 mM) was added in the recording pipette solution. The fast and slow Ca 2+ chelators were similarly effective at blocking LTP, suggesting that the coupling between Ca 2+ source and Ca 2+ sensor is loose during LTP induction. In addition, we examined the source of Ca 2+ that is responsible for the LTP induction. We found that LTP was prevented when L-type Ca 2+ channels were blocked by bath application of an inhibitor nimodipine (20 mM) or when the internal Ca 2+ stores were depleted with thapsigargin (2 mM, applied 30 min before recording; Fig. 7a) . Thus, Ca 2+ influx through activated L-type Ca 2+ channels and Ca 2+ release from internal stores are both required for LTP induction at these developing GABAergic synapses.
Activation of CaMKII by Ca 2+ leads to GABA A R phosphorylation 33 and contributes to activity-dependent potentiation of GABAergic transmission in cerebellar slices 34 and cultured cerebellar neurons 35 . We examined whether CaMKII activation is required for LTP induction at these developing GABAergic synapses. When the CaMKII inhibitors KN-62 (0.4 mM) or KN-93 (0.5-2 mM) were loaded into the postsynaptic cell through the perforated patch recording pipette, we found that repetitive coincident spiking at 20 Hz for 5 s failed to induce either LTP (Fig. 7a) or a positive shift in E GABA (Fig. 7b) . Furthermore, postsynaptic loading of the active form of the alpha subunit of CaMKII (a-CaMKII) resulted in an increase in the synaptic response. Synaptic responses gradually increased after the establishment of break-in whole-cell configuration to a level that was significantly higher than that found in control experiments using the same internal solution without the added a-CaMKII (P ¼ 0.01, unpaired t test; Fig. 7c ). At 10 min after the break-in, a-CaMKII caused a positive shift in E GABA that was significantly larger than that found in control recordings (P ¼ 0.017, unpaired t test), whereas the change in synaptic conductance was not significant (P ¼ 0.25, unpaired t test; Fig. 7d ). Thus, activation of postsynaptic CaMKII is sufficient to potentiate a postsynaptic GABA response, an effect that is consistent with the positive shift that we observed in E GABA . What is the mechanism by which GABA B R activation facilitates the potentiation of these developing GABAergic synapses? An immediate possibility is that GABA B R signaling modulates CaMKII activity. Phosphorylation of a-CaMKII at Thr286 produces an autonomously active form of CaMKII (P-Thr 286 -CaMKII), which is crucial for LTP induction of hippocampal glutamatergic synapses. We found that treatment of hippocampal slices with the GABA B R agonist baclofen resulted in a considerable increase in the level of P-Thr 286 -CaMKII, as shown by immunoblotting the extract of hippocampal slices with a P-Thr 286 phosphorylation site-specific monoclonal antibody (Fig. 7e) . Quantitative measurements showed that the level of P-Thr 286 -CaMKII in baclofen-treated slices was 157 ± 16% of that found for control slices (n ¼ 10, P ¼ 0.013, paired t test), an effect that was abolished by the presence of CGP35348 (Fig. 7e) . Application of CGP35348 alone also led to a reduction in the amount of P-Thr 286 -CaMKII to 67 ± 3% of that of the control (n ¼ 3, P ¼ 0.03, paired t test), suggesting that tonic activation of GABA B Rs by endogenous GABA contributes to the basal level of CaMKII phosphorylation. To determine whether activation of GABA B R by baclofen can affect the frequency-dependent modification of developing GABAergic synapses, we carried out experiments in the presence of baclofen and found that repetitive coincident spiking at 5 Hz for 20 s induced a slight LTP, instead of LTD, in GABAergic synapses (Fig. 4f) . Thus, GABA B R signaling can enhance a-CaMKII phosphorylation at Thr286 and such regulation by the GABA B R activity contributes to the activity-dependent potentiation of GABAergic synapses.
DISCUSSION
Here, we have demonstrated a critical role for GABA B Rs in frequencydependent long-term synaptic modifications of developing GABAergic synapses on hippocampal CA1 pyramidal cells. Activation of GABA B Rs was required for the induction of LTP by coincident pre-and postsynaptic spiking at high frequencies (20-50 Hz), but not for LTD induction by coincident spiking at low frequency (5 Hz). Elevating GABA B R activation with baclofen or SKF89976A decreased the threshold spiking frequency required for LTP induction, and baclofen treatment converted the synaptic depression normally induced by 5-Hz coincident spiking into a slight potentiation. Our experiments have revealed the mechanism underlying LTP induction. Coincident pre-and postsynaptic spiking at high frequencies result in three coincident events at these GABAergic synapses; postsynaptic spiking and GABA A R activation are required to induce sufficient local dendritic depolarization for triggering Ca 2+ influx through L-type Ca 2+ channels and subsequent Ca 2+ release from internal stores, whereas GABA B R activation is further required for elevating the phosphorylated form of Ca 2+ -activated CaMKII. Activated CaMKII further induces postsynaptic modifications, including a persistent upregulation of local NKCC1 activity, leading to the potentiation of GABAergic transmission.
Mechanisms for bi-directional synaptic modifications Activity-induced synaptic modification can be attributed to changes in either the amount of evoked transmitter release or the postsynaptic response to the released transmitter, or both. We found that the PPR remained unchanged after repetitive coincident spiking, suggesting that presynaptic transmitter-release probability was not affected. The postsynaptic response to GABA depends on the GABA A R conductance and the driving force of Cl -currents through activated GABA A Rs. We found that the bi-directional modifications (LTP and LTD) of these developing CA1 GABAergic synapses were accompanied by bidirectional shifts of E GABA near the activated synapse, but no changes in the synaptic GABA A R conductance (Fig. 5) . Thus, localized changes of [Cl -] i in the postsynaptic cytoplasm were responsible for synaptic modifications.
There is now ample evidence that patterned electrical activity may regulate local [Cl -] i by modulating the different types of cation/Cl À cotransporters that are present in the neuron 32 . In cultured hippocampal neurons, KCC2 activity could be downregulated by a brief train of coincident pre-and postsynaptic spiking 21 or by prolonged postsynaptic spiking (at 10 Hz for at least 3 min) 30 . NKCC1 activity can also be regulated by the prolonged postsynaptic spiking activity in hippocampal slices 36 . The prolonged postsynaptic spiking activities that were used in the latter studies were quite different from the coincident pre-and postsynaptic spiking (at 20 Hz for 5 s) that we used in our study. For these developing CA1 GABAergic synapses before excitation-to-inhibition transition, a specific NKCC1 inhibitor, bumetanide, prevented both synaptic potentiation and the positive shift of E GABA that was induced by coincident spiking (Fig. 6a,b) . Furthermore, loading of active a-CaMKII in the postsynaptic pyramidal cell led to a positive shift of E GABA and synaptic potentiation (Fig. 7c,d ). These results suggest that CaMKII-dependent persistent phosphorylation/activation of NKCC1 or its regulatory proteins is required for LTP induced by coincident activity during early development, a different cytoplasmic signaling from that underlying the changes at GABAergic synapses induced by prolonged postsynaptic spiking 30 . Furthermore, bi-directional shifts of E GABA may be attributed to differential regulation of either NKCC1 or KCC2, as a result of coincident spiking at different frequencies. Specific inhibitors for KCC2 would be useful for determining its potential function in setting E GABA . However, such inhibitors are currently unavailable. The relative contribution of activitydependent modification of NKCC1 versus KCC2 may depend on the precise stage of the development, as well as the type of presynaptic interneurons, which are known to be highly heterogeneous in the hippocampus 37 .
Ca 2+ /CaMKII and GABA B R signaling in synaptic modification In the hippocampus, GABA B Rs are predominately located at extrasynaptic sites 17 . High-frequency stimulation triggers a high-level GABA release, resulting in GABA spillover to extrasynaptic sites and subsequent activation of either pre-or postsynaptic GABA B Rs (Fig. 3) 18, 27 . Because CGP35348 at the low concentration of 60 mM was only effective at blocking postsynaptic, but not presynaptic, GABA B Rs 38 ( Supplementary Fig. 5 online) , our results reveal an important function of postsynaptic GABA B Rs in regulating frequency-dependent LTP of developing GABAergic synapses. The action of GABA B Rs is mediated by cyclic adenosine 3¢,5¢-monophosphate and activation of phospholipase C (PLC) and is coupled to the modulation of Ca 2+ and K + channels 39 . Our finding that GABA B R activation increased a-CaMKII phosphorylation at Thr286 suggests the existence of a crosstalk between GABA B R and Ca 2+ /CaMKII signaling. Activation of GABA B Rs is known to induce Ca 2+ increase in astrocytes 40 and cerebellar Purkinje cells 41 , promote Ca 2+ influx through store-operated channels in cortical neurons 42 , and facilitate monoamine-induced inositol 1,4,5-trisphosphate formation through the PLC pathway in visual cortical neurons 43 . Furthermore, GABA B R activation resulted in Ca 2+ elevation via PLC activation in HEK 293 cells expressing GABA B R and chimeric G i and G o proteins 44, 45 . Thus, postsynaptic Ca 2+ elevation induced by GABA B R activation may underlie the enhancement of a-CaMKII phosphorylation that we found.
Notably, paired extracellular stimulation to stratum lacunosummoleculare layer and postsynaptic stimulation of CA1 pyramidal cells was found to induce LTP of NMDAR-mediated excitatory currents and GABA B R-activated GIRK currents, both of which required NMDAR activation and subsequent activation of CaMKII 46 . The reciprocal interaction between GABA B R signaling and CaMKII activity thus provides a mechanism for the crosstalk between GABAergic and glutamatergic transmission.
Role of depolarizing GABA in early development
In the developing brain, GABA is excitatory during the first 2 postnatal weeks and GABAergic synapses are formed before glutamatergic synapses 7 . Here, we found that, in the first 2 postnatal weeks, coincident depolarizing GABAergic transmission and postsynaptic spiking activity at high and low frequencies could induce LTP and LTD of GABAergic synapses on CA1 pyramidal cells, respectively. This postnatal synaptic modification provides a mechanism for self-refinement of local GABAergic circuits. Notably, the depolarizing action of GABA is crucial for inducing these synaptic modifications, as coincident high-frequency spiking failed to induce LTP when GABA action was hyperpolarizing ( Supplementary Fig. 6 online) or when depolarizing GABA-PSPs were blocked by BMI (Fig. 2a,b) .
The early excitatory GABAergic activity is critical for the development and refinement of developing circuits 7 . For example, morphological maturation of layer 2/3 pyramidal neurons of the somatosensory cortex was markedly impaired by eliminating the excitatory action of GABA with premature expression of KCC2 in those neurons 47 . Our finding of a positive shift of E GABA induced by high-frequency spiking further suggests that more active GABAergic synapses may delay their excitation-to-inhibition transition, resulting in more extensive local dendritic arborization and synaptogenesis. Furthermore, our results indicate that enhancing GABA B R activity substantially reduces the spiking-frequency threshold for LTP induction, thus facilitating its synaptic function. The importance of GABA B R signaling during neural development is also supported by recent studies in cortical slice cultures, where GABA B R activation was found to partially prevent the defects of basket cell innervation of pyramidal neurons resulting from the deletion of the Gad1 gene 48 .
METHODS
Our experimental procedures for the preparation of rat hippocampal slices, electrophysiology and Western blotting are described in detail in the Supplementary Methods.
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